1. Introduction {#sec1}
===============

Physical height is of wide interest to economists ([@bib85]), in large part because it is a strong and observable correlate of human capital and health and is a predictor of economic productivity ([@bib15]). Despite careful attention and significant research about height, human capital, and economic well-being, an important puzzle persists: international differences in height across developing countries are not well explained by differences in economic wealth ([@bib33]; [@bib59]).

In particular, people in India are shorter on average than people in sub-Saharan Africa, despite the fact that Indians are also richer on average ([Fig. 1](#fig1){ref-type="fig"}). This enduring and important paradox in the literature has been called the "Asian enigma" ([@bib73]). India\'s height deficit relative to Africa is large: it is about two-fifths as large as the average rural-urban height gap in India, and almost one-quarter as large as the average difference in India between children of literate and illiterate mothers. This defecit impacts many people because 19% of births occur in India.Fig. 1The enigma: Height in India and Africa.Fig. 1

Sanitation, when poor, can be a key determinant of human capital in developing countries. This is because germs from feces cause diarrhea and other diseases, which can consume energy and harm the overall nutrition of growing children and of the mothers who nurture them in pregnancy and early life. Medical research indicates that chronic environmental exposure to fecal germs could be an important cause of growth deficits. This paper documents a large and robust gradient between exposure to open defecation and child height. As we show, sanitation can explain international variation in child height that income and other dimensions of development cannot. Our main conclusion is that open defecation can statistically account for much or all of the average height-for-age difference between India and Africa, in the sense that children in India are projected to be taller by at least as much as the gap, if counterfactually exposed to the African distribution of open defecation density.

Over one billion people worldwide defecate in the open (meaning without using any toilet or latrine), most of these in India ([@bib21]). For reasons related to the history and endurance of the caste system, sanitation coverage is exceptionally poor in India, a densely populated country where most people[1](#fn1){ref-type="fn"} defecate in the open. This is a much larger prevalence of open defecation than in other countries with similar economic status. Perhaps surprisingly in light of how much open defecation there is, and how different sanitation in India is from sanitation elsewhere, sanitation received little prior attention in economists\' wide-ranging investigations of the puzzle of Indian malnutrition and stunting (*e.g.* [@bib33]; [@bib86]; [@bib60]; [@bib68]).

This paper makes several contributions to the literatures on development economics, human capital, and health. First, it proposes and analyzes a hypothesis to resolve an important puzzle which has attracted enduring attention in the literature. Second, this paper contributes to a literature in economics focused on early-life human capital accumulation ([@bib29]; [@bib41]). In this literature, height is a key variable, especially in developing countries where health is a particularly important dimension of children\'s human capital ([@bib66]; [@bib30]; [@bib54]). Third, by advancing evidence on the importance of sanitation and open defecation in developing countries, especially in India, this paper contributes to the economic case that reducing open defecation -- a classic public bad with significant externalities -- is a policy priority.

Section [2](#sec2){ref-type="sec"} provides background. It introduces the Asian enigma, summarizes evidence from the economic and biological literature that an important effect of sanitation on child height is plausible, and reviews evidence on why open defecation is so uniquely persistent in India. For open defecation to explain the India-SSA height gap, two things must be true: first, the association between height and open defecation in India must be quantitatively large enough to account for the gap, and second, this association must plausibly reflect a causal effect of exposure to poor sanitation, rather than other coincidentally correlated variables. The demographic reweighting method at the heart of this paper\'s contribution focuses on the first requirement; to support the second, this paper considers and integrates other evidence, including estimates in the literature that have emerged since the initial working paper version of this analysis.

Section [3](#sec3){ref-type="sec"} introduces the empirical strategy. Section [4](#sec4){ref-type="sec"} presents the main result of this paper: a demographic projection of the consequences for average child height if Indian children were exposed to the distribution of open defecation density to which African children are exposed. Then, section [5](#sec5){ref-type="sec"} reports two extensions: a linear regression that permits a richer set of controls than the non-parametric projection, and suggestive evidence of a mechanism through maternal nutrition, which would have effects, in turn, on fetal and early-life growth. Finally, section [6](#sec6){ref-type="sec"} integrates evidence from recent estimates in the literature of effects of open defecation on child height. This section computes a meta-estimate that is quantitatively closely consistent with the effect size necessary for open defecation to be able to account for the India-Africa height gap.

2. Background {#sec2}
=============

2.1. The Asian enigma: the gap to be explained {#sec2.1}
----------------------------------------------

Many health outcomes in India are much worse than would be predicted in international comparison, based on India\'s GDP per capita and other measures of economic performance ([@bib36]). India\'s infant mortality rate is about one-third higher than those of Bangladesh and Nepal, although these are poorer countries. Anemia, too, is poorly explained by income ([@bib1]) and is unusually common in India ([@bib61]) despite India lacking a high malaria burden similar to sub-Saharan Africa\'s ([@bib27],[@bib28]; [@bib25]). Over 40% of women in India are underweight when they become pregnant ([@bib19]), and even a quarter of working age adult men are underweight, a fact suggesting shared environmental causes in addition to the social forces that deprive young women.

Among these poor health outcomes in India, child height has received particular attention in the economics literature. [Fig. 1](#fig1){ref-type="fig"} depicts the gap to be explained: children in India are shorter than children in SSA at each age and each level of household asset wealth. As [@bib34] writes about the "startling ... enormous inequality of average heights around the world," "the fact that South Asians are so short is perhaps the most informative part of the whole picture." [@bib73] named this phenomenon an Asian enigma, but it is principally an Indian enigma ([@bib52]). As [@bib45] showed, for example, children in Bangladesh only appear shorter than children in West Bengal because they are poorer, on average; at the same level of asset wealth, children in West Bengal are statistically significantly shorter than their Bangladeshi neighbors.[2](#fn2){ref-type="fn"} Children in China -- where, among other differences, open defecation is now rare even in rural places -- are taller than children in sub-Saharan Africa and much taller than children in India, on average.

The principal goal of this paper is to quantitatively assess the degree to which sanitation can account for the Asian enigma. This depends on the size of the gap in child height, the size of the difference in exposure to poor sanitation, and the size of the relevant effect of sanitation on height. To quantify the size of the Asian enigma gap, we use child-level data from Demographic and Health Surveys (DHS). Our sample follows [@bib59] construction of a sub-Saharan African (hereafter SSA) sample of DHS rounds, which we detail in section [4](#sec4){ref-type="sec"}. With these data, we estimate a height gap of 0.146 height-for-age standard deviations (clustered 95% CI: 0.115 to 0.176) by regressing height-for-age on only an indicator for living in India rather than SSA.[3](#fn3){ref-type="fn"} Throughout this paper, when we refer to "height" or the height gap, we mean height-for-age.

Consider the following linear approximation to the task of quantitatively accounting for the Asian enigma:$$\text{required}\ \widehat{\beta} \approx \frac{\text{India}‐\text{Africa}\ \text{difference}\ \text{in}\ \text{child}\ \text{height}‐\text{for}‐\text{age}}{\text{India}‐\text{Africa}\ \text{difference}\ \text{in}\ \text{exposure}\ \text{to}\ \text{open}\ \text{defecation}}.$$The numerator is the height gap. To illustrate the denominator, the difference in exposure to open defecation between Indian and African children in the same DHS data is 31.2 percentage points, resulting in a required average, linear effect size of 0.47. Therefore, to the extent that the average effect of local open defecation on child height within India is around 0.5 height-for-age points associated with moving from 100% open defecation in a village to 0%, we would interpret effect estimates as evidence that hypothetically causing India to match SSA open defecation would predict an increase in child height in India approximately as large as the India-Africa gap. Most of this paper, however, implicitly uses a different denominator: the difference between Indian and African children in exposure to open defecation *density* ([@bib49]).[4](#fn4){ref-type="fn"} Our focus on this variable emphasizes the "public bad" nature of poor sanitation, and the fact that Indian children are disadvantaged by being exposed to open defecation in a context where people live near to one another.

2.2. Why open defecation may influence child height {#sec2.2}
---------------------------------------------------

Although no prior paper has sought to explain international heterogeneity in height via sanitation, a substantial literature suggests the plausibility of this possibility. Several papers in economics have documented large effects of sanitation-related disease on early-life health (*e.g.* [@bib40]; [@bib31]; [@bib2]; [@bib44]). Further econometric research has traced sanitation-related early-life disease through to human capital and economic outcomes ([@bib81]; [@bib4]). For example, [@bib12] showed that eradicating hookworm infection -- one of several mechanisms by which poor sanitation impacts health -- improved learning and increased incomes in the American South.

More generally, disease is increasingly recognized as a potential determinant of population-level height. The economic history literature has shown a large association between average population-level heights and the disease environment, as reflected in mortality rates ([@bib13]). [@bib50], studying the historical increase in European height, concludes that "the most important proximate source of increasing height was the improving disease environment as reflected by the fall in infant mortality."

There are at least two mechanisms by which exposure to open defecation might reduce population-level average height. One mechanism is through the exposure of children, after they are born. Net nutrition and disease interact ([@bib77]). It has long been documented that diarrhea could cause stunting due to loss of consumed nutrients (*e.g.* [@bib46]; [@bib16]). Most recently documented in detail in the medical literature, but perhaps important, is the possibility of chronic but subclinical "environmental enteric disfunction" ([@bib55]). EED would be caused by repeated fecal contamination which, through an inflammatory response, increases the small intestine\'s permeability to pathogens while reducing nutrient absorption. Such inflammation could cause height deficits even without necessarily manifesting as diarrhea or otherwise observable illness.[5](#fn5){ref-type="fn"}

The other possible mechanism is the size and net nutrition of mothers, which could be influenced by near-term exposure to open defecation during pregnancy, or by long-term exposure over the course of the mother\'s life. [@bib7], for example, show that girls who received a nutritional supplement in Guatemala grew up to be mothers who had taller children with greater birth weight -- evidence of a long-lived, intergenerational effect of mothers\' net nutrition. Population-level data on birth weight is unavailable in many developing countries, including India. However, evidence from developed countries shows that both mothers\' pre-pregnancy body mass and weight-gain in pregnancy substantially shape birth weight, especially for underweight women ([@bib57]; [@bib89]; [@bib48]). If maternal nutrition matters for child anthropometry, then it is plausible that it could be influenced by disease, as well as nutritional intake.[6](#fn6){ref-type="fn"} Motivated by the hypothesis that "since stunting begins *in utero*, the maternal inflammatory environment may have an important influence on fetal growth," [@bib71] measured birthweight, child size in infancy, and chemical biomarkers of inflamation and intestinal damage in infants and mothers in Zimbabwe. They found that "birth weight was related to infant IGF-1 \[a childhood growth hormone\] at birth, which in turn was associated with the inflammatory status of the mother-infant dyad. The infant inflammatory milieu was closely related to the level of maternal inflammation at birth." This paper further considers evidence for a maternal nutrition mechanism in section [5.2](#sec5.2){ref-type="sec"}.

Section [6](#sec6){ref-type="sec"} considers the quantitative implications of some studies in the biomedical, demographic, and economic literatures. It is beyond the scope of this econometric paper to decompose the association between sanitation and height among various biological mechanisms, although diarrhea, chronic intestinal disease, worm and parasite infections, and energy requirements while fighting disease are all well-documented pathways that make an effect of open defecation on child height plausible. Especially in India --- where cross-sectional, geographic differences in open defecation have changed only very slowly ([@bib24]) --- a cumulative effect through the health and size of mothers is also plausible.

2.3. Why open defecation persists in India --- and consequences for studying health effects {#sec2.3}
-------------------------------------------------------------------------------------------

In light of this biological science, sanitation has a plausible place among the candidate explanations for poor health outcomes in India because open defecation is so uniquely widespread in India. Most people in the world who defecate in the open live in India. Open defecation rates in India are higher than in many poorer countries: in only a few small countries does a larger fraction of the population defecate in the open than in India.[7](#fn7){ref-type="fn"} Finally, population density is high even in rural India, so it is more likely that germs from any quantity of open defecation would be able to cause infection.

A natural question, then, is why open defecation in India remains so common, despite economic growth. The explanation is not poverty: open defecation is less common in many poorer countries; simple latrines are affordable; and even many people in rural India who live in households that own working latrines choose to defecate in the open rather than use them ([@bib26]; [@bib18]). [@bib21] present qualitative and quantitative evidence that the causal roots are in casteism, untouchability, and ideas of ritual purity and pollution. In short, a core reason is that many people in rural India are unwilling to use pit latrines because they are concerned about what will happen when the latrine pit fills. Emptying a latrine pit --- which is done every few years in other developing countries by household members or people they hire --- is associated with the most degrading ritual impurity, and subjectively can only be done by members of the lowest castes.[8](#fn8){ref-type="fn"}

[@bib82] provide quantitative support for this explanation, using the India Human Development Survey (IHDS). The IHDS asked a novel survey question about whether members of a household practice untouchability, in the sense of enforcing the rules of untouchability in interactions with members of lower-ranking castes. Spears and Thorat show that people living in villages where more of their neighbors report practicing untouchability are more likely to defecate in the open.

One consequence of the social forces behind the slow decline in open defecation in India is that it is difficult for an intervention study to cause a large decline in village-level open defecation in rural India. Yet, the ability to successfully induce a large decline in open defecation is necessary for the first stage --- in the sense of an instrumental variables analysis --- of any cluster randomized trial to study the effect of open defecation on child height or other outcomes ([@bib80]). Although experiments have generated large enough first stages to learn from in contexts outside of India ([@bib70]; [@bib42]), RCTs *in India* have not shown similarly large first stage effects on open defecation behavior ([@bib18]; [@bib69]; [@bib47]). This is important to this paper\'s goal of understanding the relationship between height and open defecation in India, because India\'s high population density gives reason to expect that the effect in India is larger than in other contexts. Another reason that it would be difficult to answer our question with an RCT about reducing open defecation conducted in another country is that increasingly few other countries have much open defecation left at all. In those contexts, an experiment could study a further improvement in sanitation --- such as from latrine use to improved toilet use --- but that would not be an estimate of the effect of open defection. One hopes this constraint will eventually be overcome as further research develops strategies to rapidly reduce open defecation in Indian villages, allowing statistically powerful intervention studies of its long-term consequences there --- although, even then, effects through accumulated maternal exposure may require a long duration of changed exposure to reverse. At least until such techniques are available, there will be uncertainty about the exact size of the effect, and there will remain an important role for population-level observational analysis.

3. Empirical strategy {#sec3}
=====================

This paper applies a decomposition analysis in the spirit of Oaxaca-Blinder to provide a quantitative answer to our main question: would counterfactually changing Indian children to be exposed to the African distribution of open defecation increase their height by an amount as large as the India-Africa height gap? In particular, we apply the non-parametric reweighting method of [@bib35] to project the average height of Indian children, if they were exposed to the same distribution of open defecation density as African children. This approach has the advantage of matching the full distribution of exposure to open defecation, not only mean differences. It also assumes no functional form. Similar decomposition methods have recently been used in the economics literature to study demographic puzzles by [@bib8] and by [@bib17].

3.1. Data and summary statistics {#sec3.1}
--------------------------------

Applying this strategy requires an Indian and an African sample of child heights. Any construction of an African sample out of country-level surveys must be somewhat arbitrary. This paper follows the sample constructed in a recent paper by [@bib58], [@bib59], pooling child-level data from India and 27 recent DHS from sub-Saharan Africa.[9](#fn9){ref-type="fn"} The Indian sample is India\'s 2005 DHS.

The key independent variable of this analysis is open defecation density. The log[10](#fn10){ref-type="fn"} of open defecation density is computed as$$\ln\left( {local\mspace{6mu} open\mspace{6mu} defecation \times population\mspace{6mu} density + 1} \right),$$where *local open defecation* is the computed fraction $\left\lbrack {0,1} \right\rbrack$ of households in a child\'s survey primary sampling unit (PSU) who defecate in the open, and *population density* is matched from census data sources at the level of Indian states and African countries. The open defecation independent variable is, of course, measured at the time of the survey --- which means that it best describes the disease environment faced in early life by the youngest children, born at a time closest to the survey.[11](#fn11){ref-type="fn"} Any bias introduced by the implicit assumption that open defecation at the time of the survey is similar to open defecation a few years earlier is likely to be small in India, however, because open defecation has changed so slowly ([@bib21]). In particular, [@bib24] compute that district-level rural open defecation rates in India\'s 2011 Census and 2015-6 NFHS-4 have a correlation of 0.93, documenting that change was slow over a five-year period (which is the same age range for height measurement) even during a high-profile national sanitation policy.

[Table 1](#tbl1){ref-type="table"} presents summary statistics. The table presents results by age-in-months sub-samples, a practice that will be repeated throughout the results. Height-for-age is well-understood to be correlated with age-in-months according to a common pattern, as in [Fig. 1](#fig1){ref-type="fig"}. A focus on younger ages would have the advantage that the open defecation environment recorded at the time of the survey more closely matches the open defecation environment in younger children\'s infancy, if open defecation has been changing over time. A focus on older ages would have the advantage that age is not mechanically correlated with height-for-age. There is an India-SSA mean height difference in every age group, which suggests, in part, that differences begin *in utero*.Table 1Sample means by population and age.Table 1all ages0--5 months6--24 months25--59 monthsIndiaSSAIndiaSSAIndiaSSAIndiaSSA**Dependentvariable**: height-for-age *z*-score−1.824−1.541−0.542−0.310−1.736−1.467−2.063−1.839**Independentvariables**: open defecation (own)0.5810.3110.5540.3190.5700.3050.5900.313 open defecation (PSU)0.6300.3170.6600.3270.6330.3130.6250.318 ln(OD density)4.9431.8935.0921.9044.9471.8804.9181.899 population density ($\frac{\text{pop}}{\text{km}^{2}}$)598.774.0604.772.8592.873.2600.974.6**Demographics:** age in months29.8527.872.902.7614.8014.5741.9341.41 sibsize at survey2.933.682.623.402.603.413.153.90 birth order2.753.752.733.732.653.722.803.78 boy0.5230.5020.4920.5040.5240.5000.5280.502 first-born boy0.1520.1010.1480.1050.1630.1030.1470.100 last-born at survey0.6900.6090.9420.8460.9090.8250.5360.423**Socio-economic status:** assets (of 5)1.9071.5131.7101.4601.9211.4981.9291.533 urban0.2470.2530.2220.2450.2450.2520.2520.255 mother literate0.5070.6000.5070.5960.5300.6140.4960.592 father no education0.2810.3210.2730.3300.2650.3090.2910.326[^1]

[Table 1](#tbl1){ref-type="table"} reveals several important patterns. One is that the difference in exposure to open defecation density between India and SSA is large: sufficiently large that the effect size does not have to be very large to predict a counterfactual change as large as the India-Africa height gap. This is in part because the difference in population density is large, but section [5.1](#sec5.1){ref-type="sec"} verifies that population density itself does not explain the gap. Children from India come from richer households, and have substantially fewer siblings, on average. Children in India have better educated-fathers but less-well-educated mothers, a fact consistent with the low social status of women in India.

3.2. Nonparametric reweighting method {#sec3.2}
-------------------------------------

The non-parametric demographic projection computes a new mean for the Indian sample after reweighting to match the African sample\'s distribution of a set of observable independent variables. [@bib35] introduced this method to economics in order to decompose difference in wages in labor markets. It has since been applied to demographic contexts, such as to decompose the U.S. racial difference in life expectancy ([@bib43]), or to estimate the body mass of immediately pre-pregnancy women in India ([@bib19]).

In particular, the approach is to construct a counterfactual mean height of Indian children that matches the distribution of exposure to open defecation among African children:∙First, partition both samples into groups *g* ∈ *G*(*X*), which share values or ranges of values of a set of independent variables *X*. In this case, construct 11 categories: 10 deciles of positive local open defecation density, plus an extra category for zero local open defecation (in the child\'s PSU).∙Next, for each group *g*, for each region, compute $f\left( {g \mid s} \right) = \frac{\sum_{i \in g}w_{is}}{\sum_{g \in G{(X)}}\sum_{i \in g}w_{is}}$, the empirical density within each sample *s* ∈ {India, Africa} in group *g*, using an observation-specific weight *w*~*is*~ for observation *i* in sample *s*. In the main results, each observation receives a weight of 1, following the recommendation of the DHS manual[12](#fn12){ref-type="fn"} not to use sampling weights for analysis of relationships; in the supplementary [appendix, table A.4](#appsec1){ref-type="sec"} verifies that the main result is qualitatively unchanged if DHS sampling weights are used, instead.∙Finally, compute the counterfactual mean height of Indian children$${\overset{\sim}{h}}_{\text{India}} = \sum\limits_{g \in G{(X)}}\sum\limits_{i \in g}\frac{f\left( {g \mid \text{Africa}} \right)}{f\left( {g \mid \text{India}} \right)}w_{i}h_{i},$$where *h*~*i*~ is the height-for-age *z*-score of child *i* in the Indian sample.∙The projected increase in mean child height is the difference between the reweighted Indian mean and the observed Indian mean.This approach can be combined with other covariates, playing a role analogous to regression controls, by suitable selection of *X*. In particular, to control for a partitioning of the data by bins of another observed property *U*, repeat this procedure twice:

∙First, project a counterfactual Indian height reweighting only to match the African distribution of *U*.∙Next, project Indian height again, but reweighting on categories that are the intersection of *U* and the 11 open defecation categories.∙The projected increase in mean height due to open defecation is the difference between these two reweighted means.

4. Main result: open defecation density and the India-Africa gap {#sec4}
================================================================

How does average height in India and SSA differ, conditional on the same exposure to open defecation density? [Fig. 2](#fig2){ref-type="fig"} plots the data, to permit a visual comparison. The two large dots are the Indian and SSA averages: Indian children are, indeed, shorter on average and exposed to more open defecation. The many small dots plot the data non-parametrically by splitting the sample into 75 equal sample size bins along the horizontal axis of sanitation exposure and computing the averages for each bin: as the downward trend shows, children who are exposed to more and nearer open defecation are shorter on average.Fig. 2Within-region sanitation gradients can account for India-Africa gap.Fig. 2

The two curves plot local kernel regressions within the Indian and African samples. Three facts are relevant. First, both similarly slope down. Second, the African line stops: the *maximum* observation of open defecation density in the African sample is at about the 75th percentile of the Indian sample. Third, for much of the common support, and specifically at the point of the average African exposure, the Indian line is on top, indicating that at the African mean level of exposure to open defecation, Indian children are at least as tall as African children, on average.

The rest of this section presents the main result: projections of the increase in the average height-for-age of Indian children that would result from matching the African distribution of density of open defecation, computed for various sub-samples with various additional covariates. First, section [4.1](#sec4.1){ref-type="sec"} presents visual summaries of the reweighted result, and then section [4.2](#sec4.2){ref-type="sec"} reports the projected counterfactual changes in child height.

4.1. Visual summaries {#sec4.1}
---------------------

An advantage of the DiNardo et al. reweighting method is that, because it matches the full distribution of the target variable and not merely the mean, a full counterfactual distribution can be produced. This is done in [Fig. 3](#fig3){ref-type="fig"}. The figure plots the observed CDF of child height in India, the observed CDF of child height in Africa, and a counterfactual Indian CDF reweighted to match the African distribution to exposure to open defecation. In general, the Indian CDF shifts right by approximately as much as the African advantage, and in some cases by more.Fig. 3Empirical and reweighted CDFs of child height-for-age, by sex.Fig. 3

SSA is at a different point than India in the fertility transition, a stylized fact with wide-ranging consequences for demographic properties of children ([@bib62]). If mothers\' fertility is correlated with children\'s height, an analysis which overlooks this fact may misdiagnose the height gap. This is especially important because height-for-age is correlated with child age, and two populations with different fertility and mortality patterns will have a different age distribution among children under five. [Fig. 4](#fig4){ref-type="fig"} presents observed and counterfactually projected average child heights within categories of mothers\' fertility, measured as the number of siblings of the child who had been born by the time of the survey. It is clear from panel (c) that fertility is importantly higher in SSA than in India.Fig. 4Empirical and reweighted average height-for-age, by mother\'s fertility.Fig. 4

[Fig. 4](#fig4){ref-type="fig"} shows that there is a steep negative association between average child height and mother\'s fertility within India but not in SSA. In a preview of our full results, the reweighting projects an increase in the average height of Indian children of about 0.2 at all levels of fertility, an increase greater than the India-Africa height gap. Because the DHS only measures the height of children under five, birth order and sibsize are highly correlated among the children with measured height.[13](#fn13){ref-type="fn"} [Section B.2](#appsec1){ref-type="sec"} of the [supplementary appendix](#appsec1){ref-type="sec"} includes descriptive summary statistics for India and SSA by birth order and sibsize at the time of the survey: children in India whose mothers have had more children have shorter mothers, on average; a slight pattern in the opposite direction is found in SSA. Because of these important correlations in the data, [Fig. 4](#fig4){ref-type="fig"} plots reweighting results by sibsize, and further results below will verify that patterns robustly appear *within* these demographic groups.

4.2. Full reweighting results {#sec4.2}
-----------------------------

[Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"} present our main result: reweighting the sample of Indian children\'s height to match the distribution of African exposure to open defecation density projects an increase in mean height greater than the India-Africa height gap. [Table 2](#tbl2){ref-type="table"} studies all ages with measured height; [Table 3](#tbl3){ref-type="table"} restricts the sample to ages 6--24 months; and [Table 4](#tbl4){ref-type="table"} restricts the sample to months 25--59, where height-for-age is not correlated with age. Within a table, each row is a separate set of additional covariates according to which the Indian sample is reweighted to match the African sample before incorporating open defecation; thus, these act analogously to regression controls, but they are allowed to non-linearly interact with one another. The numbers presented are the change in projected mean height between reweighting on the controls only and reweighting on open defecation and the controls both.Table 2Main result: Indian children reweighted to match African sample on open defecation and other properties (all ages).Table 2sexsibsize at surveybirth orderassetsurbanmom literatedad any educationmom age at birthincreases in average height from matching African open defecation density ▪ India-Africa z-score gap = 0.146*p*-value (*n*=7 rank corr. w/ΔOD⋆)full samplefirst bornslater bornssibsize of 1 or 2 at time of surveysibsize \> 2 at time of surveyfirst born boyother than first born boy0.2120.1770.2210.1540.2470.1560.2210.007✓0.2130.1790.2210.1570.2460.1560.2200.003✓0.2300.1710.2440.1530.2670.1540.2390.007✓✓0.2280.1760.2410.1540.2630.1540.2370.003✓✓✓0.2030.1710.2090.1400.2310.1470.2090.016✓✓✓✓0.2290.1590.2470.1400.2690.1530.2390.007✓✓✓✓✓0.1930.1630.2040.1250.2210.1470.1990.007✓✓✓✓✓✓0.1940.2010.1850.1470.2060.1440.2020.072✓✓✓✓✓✓✓0.1700.1370.1780.1120.1840.1270.1750.007✓0.2300.1770.2430.1550.2640.1560.2390.007✓✓0.2300.1790.2430.1560.2630.1560.2390.007✓✓✓0.2060.1610.2170.1360.2330.1250.2150.003✓✓✓✓0.2200.1520.2380.1460.2590.1330.2300.003✓✓✓✓✓0.1840.1370.1950.1270.2180.1020.1930.003✓✓✓✓✓✓0.1820.2100.1730.1540.2000.1320.1870.230✓✓✓✓✓✓✓0.1650.1250.1720.1160.1860.0960.1730.007✓✓✓✓✓✓✓✓0.1840.1370.1890.1340.1910.1270.1890.007✓0.2030.1710.2060.1470.2330.1250.2100.007✓✓0.2090.1590.2230.1380.2530.1330.2140.003✓✓✓0.1660.1380.1800.1190.2030.1020.1710.003✓✓✓✓0.1580.1790.1660.1490.2060.1320.1650.035✓✓✓✓✓0.1550.0950.1620.0860.2070.0960.1630.035  *n* (children in India)42,48113,44529,03622,23820,2436,82435,657mean density of OD in India3.713.453.873.334.123.343.78mean density of OD in Africa1.951.811.981.792.021.831.96⋆ difference, India minus Africa1.761.641.891.542.101.511.82[^2]Table 3Indian children reweighted to match African sample on open defecation and other properties (ages 6--24 mo).Table 3sexsibsize at surveybirth orderassetsurbanmom literatedad any educationmom age at birthincreases in average height from matching African open defecation density ▪ India-Africa z-score gap = 0.131*p*-value (*n*=7 rank corr. w/ΔOD ⋆)full samplefirst bornslater bornssibsize of 1 or 2 at time of surveysibsize \> 2 at time of surveyfirst born boyother than first born boy0.2600.1890.2950.2020.3420.1710.2780.003✓0.2630.1850.2920.2100.3390.1710.2760.003✓0.3070.1900.3390.2040.3740.1760.3220.003✓✓0.3010.1850.3320.2040.3630.1760.3160.003✓✓✓0.2690.2060.2890.2120.3010.2130.2770.016✓✓✓✓0.3000.2280.3240.2500.3230.2640.3100.035✓✓✓✓✓0.2570.1990.2740.2100.2770.2330.2670.016✓✓✓✓✓✓0.2730.2450.2790.2350.2770.3000.2740.548✓✓✓✓✓✓✓0.2580.1750.2870.2200.2670.2480.2640.035✓0.3050.1890.3360.2050.3710.1710.3200.003✓✓0.3040.1850.3350.2050.3710.1710.3190.003✓✓✓0.2910.2090.3120.2220.3250.2180.3000.007✓✓✓✓0.3000.2290.3180.2640.3140.2510.3060.016✓✓✓✓✓0.2390.2070.2460.2220.2450.2320.2400.035✓✓✓✓✓✓0.2660.2540.2660.2530.2710.2960.2620.548✓✓✓✓✓✓✓0.2530.1620.2770.2240.2650.2120.2590.016✓✓✓✓✓✓✓✓0.2650.1750.2870.2330.2660.2480.2670.072✓0.2610.2020.2830.2150.3260.2180.2740.016✓✓0.3020.2060.3360.2410.3610.2510.3120.016✓✓✓0.2500.1590.2820.1870.2790.2320.2620.035✓✓✓✓0.2570.2260.2720.2000.2990.2960.2590.230✓✓✓✓✓0.1990.1780.2160.1780.2310.2120.1940.133  *n* (children in India)13,4874,4399,0488,2495,2382,26211,225mean density of OD in India3.713.393.863.424.163.363.78mean density of OD in Africa1.931.791.971.802.011.791.95⋆ difference, India minus Africa1.771.601.891.612.151.571.83[^3]Table 4Indian children reweighted to match African sample on open defecation and other properties (ages 25--59 mo).Table 4sexsibsize at surveybirth orderassetsurbanmom literatedad any educationmom age at birthincreases in average height from matching African open defecation density ▪ India-Africa z-score gap = 0.079*p*-value (*n*=7 rank corr. w/ΔOD ⋆)full samplefirst bornslater bornssibsize of 1 or 2 at time of surveysibsize \> 2 at time of surveyfirst born boyother than first born boy0.1960.1740.1930.1310.2170.1330.2030.035✓0.1960.1790.1930.1350.2170.1330.2030.016✓0.2020.1660.2130.1280.2300.1300.2120.007✓✓0.2010.1760.2100.1310.2270.1300.2100.007✓✓✓0.1710.1660.1690.1320.1840.1240.1730.016✓✓✓✓0.1790.1250.1940.0810.2120.1030.1870.007✓✓✓✓✓0.1430.1460.1480.0960.1560.1450.1440.133✓✓✓✓✓✓0.1670.2130.1530.1530.1640.1370.1730.548✓✓✓✓✓✓✓0.1500.1650.1390.1220.1450.1260.1540.764✓0.1950.1740.2000.1360.2190.1330.2030.007✓✓0.1980.1790.2020.1410.2200.1330.2050.007✓✓✓0.1860.1540.1940.1280.2000.1130.1940.007✓✓✓✓0.1820.1220.1960.1070.2180.0910.1920.003✓✓✓✓✓0.1320.1040.1380.1000.1550.0730.1380.007✓✓✓✓✓✓0.1610.2140.1450.1790.1560.1000.1670.764✓✓✓✓✓✓✓0.1470.1380.1440.1290.1380.0910.1520.230✓✓✓✓✓✓✓✓0.1560.1650.1440.1610.1360.1260.1560.368✓0.1800.1660.1760.1310.1950.1130.1860.016✓✓0.1620.1290.1740.0850.2030.0910.1720.007✓✓✓0.1270.1280.1440.0790.1540.0730.1350.007✓✓✓✓0.1220.1970.1300.1280.1510.1000.1360.230✓✓✓✓✓0.1270.1120.1270.0740.1530.0910.1410.035  *n* (children in India)25,3297,83317,49611,80213,5273,99421,335mean density of OD in India3.683.293.863.214.093.293.76mean density of OD in Africa1.951.821.991.772.021.851.96⋆ difference, India minus Africa1.731.481.871.442.071.441.79[^4]

Each column is a subsample of children, with splits chosen with attention to demographic categories that are potentially relevant for child height in India: birth order, mother\'s fertility, and the interaction of sex and birth order. Because children in the subsamples live in different contexts, the three rows along the bottom show that the India-SSA difference in exposure to open defecation is different across the seven subsamples. The column of *p*-values along the far right-hand side of the table presents separate statistical significance tests for each row. These are each a *p*-value on a non-parametric two-sided Kendall\'s *τ* test with *n* = 7, testing that across columns the projected difference in mean height is associated with the size of the gap in open defecation for that subsample. In [Table 2](#tbl2){ref-type="table"}\'s full sample, in all rows but one the test results indicate clear statistical significance.

The number of children that a child\'s mother has had by the time of the DHS survey is an important predictor of household socioeconomic status in India. For example, measured second-born Indian children with one other sibling have a mother who is 152.3 cm tall, on average, compared with 151.7 cm among second-born Indian children with two or more siblings when their height is measured. Therefore, in addition to the reweighting controls, the robustness of the result to restricting the sample along these important dimensions is a meaningful indicator that the apparent importance of open defecation externalities does not simply reflect confounding. Taken together, the 462 separately-computed projections collectively and individually suggest that the increase in the height of Indian children would be at least as great as the India-Africa height gap, if Indian children were exposed to the African distribution of open defecation.

In the [supplementary appendix, table A.5](#appsec1){ref-type="sec"} presents reweighting results separately for girls and boys. Although the projected counterfactual increase is a little greater for girls than for boys, results are comparable across sexes, and in both cases the projected increase is about as large or larger than the overall India-SSA gap. One interesting note is that the India-SSA gap is larger for girls than for boys. This coheres with the observation of [@bib5] that the fact that girls have about the same average height-for-age as boys in India is a marker of relative disadvantage, because height-for-age tends to be less negative among girls than boys within other developing countries.[14](#fn14){ref-type="fn"} In our case, table A.5 is consistent with a general observation of this paper, presented in section [4.1](#sec4.1){ref-type="sec"} with a focus on sibsize: although mean height-for-age predictably differs across demographic groups within India (which is a population where social and demographic forces are important determinants of health outcomes) there is a robust pattern in which open defecation is similarly quantitatively important within these groups.

5. Extensions {#sec5}
=============

5.1. Robustness check: linear regression results {#sec5.1}
------------------------------------------------

The decomposition results in section [4](#sec4){ref-type="sec"} are limited by a curse of dimensionality: with too many covariates, observations must be dropped to perform the reweighting, because there are no Indian observations that match a category in the SSA sample. This is a particular challenge given the need to control for age, or to split the sample into age categories. This section presents robustness checks using regression, assuming a constant linear association between open defecation density and child height, but allowing more controls. Thus, this section estimates:$$height_{ips} = \alpha India_{s} + \beta\ln\;\left( {ope\mspace{6mu} defecation\mspace{6mu} density + 1} \right)_{ps} + X_{ips}\theta + R_{ips} + ɛ_{ips},$$where *height*~*ips*~ is the height-for-age *z*-score of child *i* in survey primary sampling unit (PSU) *p* in sample *s*, which is either India or SSA, with or without 288 sub-national region fixed effects *R*~*ips*~ and a vector of controls *X*, including for age-in-months. *India*~*s*~ is an indicator that the child is from India, rather than SSA. Standard errors are clustered by PSU. The coefficient of interest is *β* on exposure to local open defecation. This variable, in contrast to a simple indicator for a child\'s household\'s own open defecation, has the advantage of reflecting sanitation externalities.

[Table 5](#tbl5){ref-type="table"} presents estimates of *α* and *β* from regression equation [(3)](#fd3){ref-type="disp-formula"}, including age-restricted sub-samples in panels B and C. The top row presents $\widehat{\alpha}$, the India-Africa height gap, after linearly accounting for open defecation density; it is missing in columns 4 and 9, where fixed effects for sub-national regions are used. It is never negative once open defecation density is accounted for. However, $\widehat{\alpha}$ is essentially unchanged in column 7 when population density (rather than open defecation density) is controlled for, suggesting that this result is not due to population density itself.Table 5Open defecation density accounts for the height gap: OLS regression as decomposition.Table 5sample:(1)(2)(3)(4)(5)(6)(7)(8)(9)fullfullfullfull1st boysnot 1st boysfullfullfullPanel A: All ages 0--59 monthsIndia−0.146∗∗∗\
(0.0156)0.0167\
(0.0163)0.0808∗∗∗\
(0.0162)0.318∗∗∗\
(0.0337)0.104∗∗∗\
(0.0188)−0.136∗∗∗\
(0.0163)0.0835∗∗∗\
(0.0167)ln(OD density)−0.0922∗∗∗\
(0.00376)−0.0946∗∗∗\
(0.00375)−0.0988∗∗∗\
(0.00438)−0.0587∗∗∗\
(0.00680)−0.0468∗∗∗\
(0.00383)−0.0945∗∗∗\
(0.00376)−0.0523∗∗∗\
(0.00424)density−0.0000193∗\
(0.00000849)−0.00000581\
(0.00000690)*n* (children)170,149170,149170,149170,14919,232146,698170,149170,149165,932projected Δh.f.a.0.1600.1640.1720.1020.0910.1570.100Panel B: Ages 6--24 monthsIndia−0.131∗∗∗\
(0.0220)0.0329\
(0.0234)0.0666∗∗\
(0.0228)0.302∗∗∗\
(0.0573)0.116∗∗∗\
(0.0280)−0.107∗∗∗\
(0.0233)0.0830∗∗∗\
(0.0237)ln(OD density)−0.0924∗∗∗\
(0.00539)−0.0943∗∗∗\
(0.00529)−0.0893∗∗∗\
(0.00627)−0.0625∗∗∗\
(0.0117)−0.0525∗∗∗\
(0.00568)−0.0936∗∗∗\
(0.00529)−0.0460∗∗∗\
(0.00638)density−0.0000502∗∗∗\
(0.0000150)−0.0000362∗∗\
(0.0000136)*n* (children)57,49457,49457,49457,494665849,75357,49457,49456,411projected Δh.f.a.0.1610.1640.1560.1100.1020.1550.088Panel C: Ages 25--59 monthsIndia−0.0786∗∗∗\
(0.0175)0.0924∗∗∗\
(0.0183)0.0966∗∗∗\
(0.0183)0.312∗∗∗\
(0.0414)0.0774∗∗∗\
(0.0212)−0.0726∗∗∗\
(0.0182)0.0957∗∗∗\
(0.0188)ln(OD density)−0.0988∗∗∗\
(0.00424)−0.0990∗∗∗\
(0.00426)−0.115∗∗∗\
(0.00506)−0.0607∗∗∗\
(0.00825)−0.0391∗∗∗\
(0.00433)−0.0990∗∗∗\
(0.00426)−0.0626∗∗∗\
(0.00492)density−0.0000116\
(0.00000926)0.00000184\
(0.00000800)*n* (children)94,90694,90694,90694,90610,57081,47994,90694,90692,051projected Δh.f.a.0.1690.1690.1970.1030.0750.1620.118age × sex FEs*✓✓✓✓✓✓✓*region FEs*✓✓*extended controls*✓✓✓*[^5]

Columns 5, 6, and 9 include a further set of extended controls: mother\'s height in centimeters and sets of indicators for household asset count, sibsize at the time of the survey, birth order, whether the child was a multiple birth, month of birth, mother\'s literacy, father\'s education, and whether the child was immediately breastfed. For each sub-sample and set of controls, the bottom three rows compute the linearly-projected counterfactual increase in average child height from moving to the mean of open defecation density in the SSA sample.[15](#fn15){ref-type="fn"} Each case suggests that the difference in exposure to open defecation density projects a large difference in child height-for-age. In particular, in columns with controls for age fixed effects, the projected difference should be compared with the smaller Asian enigma once the difference in ages between the Indian and SSA samples is controlled for, which is about 0.09 in the all-ages sample (see footnote 3).

5.2. Mechanism: could there be an effect through maternal nutrition? {#sec5.2}
--------------------------------------------------------------------

Section [2.2](#sec2.2){ref-type="sec"} introduced two mechanisms through which exposure to open defecation could impact child height: through the disease and net nutrition experienced by the child, or through the health of the mother, during and before pregnancy ([@bib57]; [@bib7]; [@bib71]; [@bib67]; [@bib38]). This section presents suggestive evidence in support of the second possibility by showing that open defecation density predicts the body mass of the mothers of the children in our height sample. An effect through mothers would be consistent with the early-age height differences seen in [Fig. 1](#fig1){ref-type="fig"}, as well as with the effects of open defecation on neonatal mortality documented by [@bib44]. As [@bib23] detail, the fact that mothers in our data are weighed at the time of the DHS survey, rather than in pregnancy, limits the clarity with which conclusions can be drawn about effects on children *in utero* and during breastfeeding. The observation here is only that the body mass of mothers is predicted by exposure to open defecation\'s infectious disease.

[Table 6](#tbl6){ref-type="table"} presents regressions of mothers\' body mass index (BMI) on the open defecation density dependent variable and other controls, in regressions where observations are the same children as in the height sample. As columns 1 and 2 document, Indian mothers are substantially more likely to be underweight than mothers in SSA. Much of this difference is due to nutritional consequences of women\'s social status in India ([@bib32]; [@bib27],[@bib28]; [@bib25]), but column 2 suggests that some minority fraction of the difference is due to the disease environment, as also pointed to by ([@bib19]) observation that even a quarter of working-age adult men are underweight in India. The rightmost column confirms that a similarly-sized coefficient on open defecation persists, even with controls for other well-studied predictors of adult weight in India.Table 6Open defecation density predicts the body mass of mothers.Table 6(1)(2)(3)(4)(5)Dependent variable: Mother\'s BMIIndia−2.057∗∗∗\
(0.0402)−1.437∗∗∗\
(0.0412)ln(OD density)−0.351∗∗∗\
(0.00998)−0.436∗∗∗\
(0.0114)−0.292∗∗∗\
(0.0109)−0.262∗∗∗\
(0.0108)mother\'s height−0.0600∗∗∗\
(0.00313)months since last birth−0.00545∗∗∗\
(0.00101)currently pregnant0.791∗∗∗\
(0.0355)currently breastfeeding−0.435∗∗∗\
(0.0336)sub-national region FEs*✓✓✓*asset indicators*✓✓*extended BMI controls*✓*constant22.42∗∗∗\
(0.0232)23.10∗∗∗\
(0.0306)*n* (child-mothers)168,632168,632168,632168,632168,628[^6]

An important caveat is that if what matters is the exposure of a mother to open defecation externalities in her childhood, rather than during pregnancy, then such exposure is not well-measured by our independent variable. Open defecation, we have emphasized, is changing only slowly in India ([@bib24]), but it has changed over decades, and most Indian women marry into villages and neighborhoods related to, but not identical to, those where they grew up. BMI, however, is a measure of *recent* or short-term net nutrition, such as could be influenced by diarrhea or enteropathy. Moreover, column 4 controls for the mother\'s height, which would reflect her own early-life environment, and still finds an association between open defecation and BMI.

6. Meta-analysis: evidence from recent studies in the literature {#sec6}
================================================================

Would counterfactually causing Indian children to be exposed to the African distribution of open defecation increase their height by an amount as large as the India-Africa height gap? To settle this question would require an estimate of what the average effect of open defecation on child height is in India. In addition to the ordinary difficulties of estimating causal effects, such an estimate would have to take into consideration two special factors: first, *externalities*, because children in India are harmed by their neighbors\' open defecation in addition to their own household\'s ([@bib44]); and second, *parameter heterogeneity*, because the average effect of open defecation within India may be different from the average effect in other places, for example because of high population density even in rural India, which increases epidemiological externalities.

Although no such estimate exists that is plausibly representative of India and causally well-identified, since the original circulation of the working paper version of this paper, a number of related estimates have emerged of the effect of local open defecation externalities on child height, in a variety of contexts. This section reviews and integrates estimates of the effect of the fraction of a child\'s PSU neighbors who defecate in the open on her height-for-age, measured in standard deviations of a reference population. [Section A](#appsec1){ref-type="sec"} in the [supplementary appendix](#appsec1){ref-type="sec"} further considers related recent estimates of other parameters, in papers that do not specifically estimate an effect of sanitation externalities on child height-for-age.

[Table 7](#tbl7){ref-type="table"} summarizes studies that report an estimate of the effect of *the fraction of a child\'s neighbors who defecate in the open* on her *height-for-age*, or report an association between these two variables, as well as two related cross-sectional studies. These differ from the ideal evidence in at least two ways. First, many of the studies are not from India; the effect of open defecation in these contexts may differ. Second, none of them consider the role of population density. Nevertheless, they are informative.Table 7Estimates of the effect of open defecation on child height from the literature, and implications for the height gap.Table 7contextidentificationcoefficient95% CI% DHS gap% JMP gap**randomized experiments** [@bib42]India, Indonesia, MaliIV from three RCTs−0.46(-0.772, −0.148)9885 [@bib18][a](#tbl7fna){ref-type="table-fn"}IndiaIV from RCT, see note0.351(-0.460, 1.163)⋅⋅**difference in trends** [@bib51]Ethiopiaregion and time FEs−0.31(-0.53, −0.09)6657 [@bib88]Cambodiaprovince and time FEs−0.502(-0.684, −0.320)10793 [@bib79]Indiadistrict and time FEs−0.553(-0.798, −0.308)118102**cross-sectional** [@bib58]India and Africacross-section, OD−0.358(-0.382, −0.334)7666 [@bib65]Bangladeshcross-section, WASH−0.54(-1.01, −0.06)115100**meta-estimates** all seven studies−0.360(-0.384, −0.337)7767 excluding [@bib58]−0.421(-0.550, −0.292)9078 excluding both cross-sectional and Clasen et al. based IV−0.436(-0.572, −0.299)9280[^7][^8]

[@bib42] report an instrumental variables estimate obtained by instrumenting village average open defecation with treatment status from a randomized impact evaluation of a sanitation program, pooling data from three field experiments: [@bib14] in Indonesia, [@bib69] in Madhya Pradesh, India, and [@bib70] in Mali. Their estimate captures local externalities because all three experiments were randomized at the village level and is identified only off of randomized treatment assignment. The point estimate of −0.46 closely matches the required effect size of −0.47 that was computed in the background section using equation [(1)](#fd1){ref-type="disp-formula"}.[16](#fn16){ref-type="fn"} Moreover, it is plausible that the average effect in India is even larger than what they estimate, due to population density. Therefore, the evidence from these three randomized experiments is consistent with open defecation being able to statistically account for much or all of the India-Africa height gap.

[@bib18] conducted a randomized experiment in rural Orissa, designed to measure the effect of open defecation on child height.[17](#fn17){ref-type="fn"} They did not find an effect on height, which they attribute to the difficultly of generating a large first stage effect on open defecation in rural India.[18](#fn18){ref-type="fn"} We quote with permission preliminary results by Scovronick et al., in collaboration with the original researchers, to estimate a confidence interval for the implied IV estimate of the effect of local open defecation on child height. Because the first stage estimate is small, the confidence interval is very large, spanning from very harmful effects, through zero, to include effects large enough to account for the Asian enigma at the −0.46 end of the 95% confidence interval.

The next three estimates study difference-in-differences-type consequences of differential changes in open defecation within countries, using fixed effects for sub-national geographic areas and for change over time. The coefficients are ordered by increasing population density of the country studied at the time studied: Ethiopia\'s population density in 2000 was 85 percent as large as Cambodia\'s in 2005 and 22 percent as large as India\'s in 1992. The 95% confidence interval for each estimate excludes zero and includes an effect size large enough to account for the India-Africa gap.

Two further estimates from the literature reflect cross-sectional, household-level comparisons that are not intended by their authors as causal effects. [@bib65] compare children living in households in rural Bangladesh with extremely good or bad sanitation and hygiene environments. We include their estimate that includes DHS-like socioeconomic status controls. Their data also allow them to show that exposure to poor sanitation and child height are associated with biologically measured markers of environmental enteric disfunction. [@bib58] include an estimate of the association between a household-level open defecation indicator and child height in their pooled India-Africa sample.[19](#fn19){ref-type="fn"}

The final rows of [Table 7](#tbl7){ref-type="table"} pool these estimates to compute meta-estimates of the effect of local open defecation on child height-for-age. These estimates are formed using the weighted least squares approach described by [@bib53] and recently by [@bib6] and used, for example, by [@bib9], in which each estimate is weighted by the inverse of the variance of its sampling error. By assumption, this procedure ignores the possibility of parameter heterogeneity. Insofar as such heterogeneity is important and due to population density, this procedure would produce an underestimate of the ability of open defecation to explain the height gap.

The first pooled estimate very closely matches the point estimate and confidence interval of the [@bib58] estimate, because its sample size is much larger than the other studies\', so it dominates the weighted average. However, this estimate was not intended as a causal effect, does not consider externalities from other households, and is largely estimated from African children who are exposed to low population density. The final two rows contain meta-estimates from the non-cross-sectional studies. These are all quantitatively close to the [@bib42] IV estimate, and to the magnitude necessary to explain the India-Africa height gap; if population density indeed interacts with open defecation, that would be a reason to consider this an underestimate for India. The reasoning in this section illustrates one valuable complementarity between experimental and demographic research ([@bib42]): experimental estimates are given more usefulness and import by situating their quantitative magnitude within the context of data on height and sanitation that is representative of the populations of interest.

7. Conclusion {#sec7}
=============

This paper responds to a puzzle in the literature on early-life human capital, one that has attracted much attention from economists: why are children in India shorter than children in sub-Saharan Africa? This study presented evidence from a set of demographic projections of mean height in India, under African levels of sanitation. Open defecation can statistically account for much or all of this height difference, in the sense that children in India are projected to be at least around 0.14 standard deviations taller if counterfactually exposed to the African distribution of open defecation density.

However, the age-adjusted India-Africa gap is even smaller than this --- and, with or without age adjusting, the gap is a small fraction (no more than 10%) of India\'s overall height deficit relative to a healthy population. So, one understanding of this paper is that the difference in exposure to open defecation between India and Africa is so large that the size of open defecation\'s effect does not have to be very large to be able to account for the difference. This paper has not made a precise claim about the exact magnitude of the effect size, in part because it is almost certainly different in different contexts. Still, especially in light of the high population density in even rural India, estimates in the literature and in this paper suggest that the effect of open defecation on child height in India is unlikely to be small: we conclude that exposure to open defecation is among the factors shaping the distribution of child height in India, and that quantitatively its importance is of about the same magnitude as the India-Africa height gap.

Questions remain about the health effects of open defecation: the DHS data do not measure biological pathways such as worm loads or enteric dysfunction, nor the contamination of the environment, food, or water by pathogens from human or animal feces; mothers\' weights are measured at the time of the survey, not during pregnancy or breastfeeding, and we do not observe mothers\' childhood environments. Therefore, these data cannot distinguish among three hypotheses about the mechanism about open defecation\'s effect: (1) through the health of children as they are exposed to their environment through the classic "F-diagram" pathways of feet, fingers, flies, fluids, and feet; or through the health of their mothers --- as suggested by differences between India and SSA at young ages --- which could occur through either (2) near-term body-mass-type mechanisms (for which section [5.2](#sec5.2){ref-type="sec"} provides suggestive evidence) or (3) longer-term height-type mechanisms that would be difficult to influence in a short-term intervention study. There is no reason to believe that these mechanisms could not be at work simultaneously; none of these possibilities is ruled out. Finally, the facts of this paper of course do not imply that open defecation is the only factor responsible for children in India being shorter than would be healthy: even at African levels of average child height, there would still be well over a height-for-age standard deviation of height shortfall left to explain. Intrahousehold inequality, the low social status of young women, and maternal nutrition are all likely to be implicated in this larger deficit ([@bib20]).

Appendix A. Supplementary data {#appsec1}
==============================

The following is the supplementary data related to this article:Multimedia component 1Multimedia component 1
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Note: This paper supersedes prior working papers, including "How much international variation in child height can sanitation explain?" World Bank Policy Research Working Paper number 6351. This paper was presented at a conference on Early Childhood Development in India September 15--16, 2017, sponsored by the Center for the Advanced Study of India (CASI) at the University of Pennsylvania as part of its 25th year celebration and organized by Jere Behrman, Michel Guillot, Devesh Kapur (CASI Director) and Prakarsh Singh.

The DHS does not measure person-level open defecation, but there is little doubt that most Indians defecated in the open during the time period studied in this paper ([@bib21]).

Open defecation is now almost eliminated from Bangladesh, a predominately Muslim country which does not share the social determinants of open defecation discussed by [@bib21]. At the same level of exposure to open defecation, children in Bangladesh are not taller than equally-rich children in West Bengal, although Bangladeshi advantage can also be statistically accounted for by controlling for mothers\' literacy.

Although not, to our knowledge, previously noted in the literature, this simple subtraction may be an overestimate of the magnitude of the Asian enigma. This is because average height-for-age decreases in age in developing countries where stunting is common ([@bib87]), and mortality is higher in SSA than in India, so the average child who survives to have height measured is older in India than in SSA in these data -- see [Fig. 1](#fig1){ref-type="fig"}. However, this consideration suggests that the true effect size needed to account for the height gap may be smaller, because the gap is smaller; with age controls, the gap is −0.09, although this paper often uses the larger gap without age controls where doing so is appropriate and conservative.

[@bib49] use DHS data from all available countries. For confirmation of the interaction between population density and open defecation in this paper\'s sample, see [supplementary appendix section B.1](#appsec1){ref-type="sec"}.

On environmental enteric disfunction, see also [@bib65]; [@bib63].

It is unfortunate but unsurprising that there is little direct empirical evidence in the literature for the hypothesis that a poor disease environment influences maternal net nutrition, which in turn influences intra-uterine growth and child anthropometry. Section [6](#sec6){ref-type="sec"} discusses difficulties in finding an effect of sanitation environments on children; the intergenerational timing involved in such a study would be even more challenging.

According the JMP data for 2015 --- which, as [@bib21] discuss, very likely underestimates open defecation in India particularly --- eleven countries have a larger fraction defecating in the open than India: Eritrea, South Sudan, Niger, Chad, Burkina Faso, Sao Tome and Principe, the Solomon Islands, Benin, Togo, Namibia, Liberia, and Cambodia. These have a total population of 111 million people, which is 8 percent of India\'s 1.3 billion.

To many general-caste Hindus, emptying their family\'s latrine pit would be unthinkable; to may low-caste Dalits, increasingly hoping for social equality, the stigma is no longer worth the financial payment offered for doing this degrading work ([@bib27], [@bib28]; [@bib25]). In equilibrium, nobody expects a latrine pit to be able to be emptied, so few households are willing to accumulate feces in them, and the obvious widespread practice of open defecation offers social proof both that open defecation is normal and that emptying latrine pits really must be essentially impossible.

The surveys are Cameroon 2004, Chad 2004, Congo (Brazaville) 2005, DRC 2007, Ethiopia 2005, Ghana 2008, Guinea 2005, Kenya 2005, Lesotho 2004 and 2009, Liberia 2007, Madagascar 2003, Malawi 2006, Mali 2006, Namibia 2006, Niger 2006, Nigeria 2008, Rwanda 2005, Sao Tome 2008, Senegal 2005, Sierra Leone 2008, Swaziland 2006, Tanzania 2004 and 2010, Uganda 2006, Zambia 2007, Zimbabwe 2005 and 2006. [@bib79], in an earlier working paper version, finds similar results with a slightly different sample. [Section B.3](#appsec1){ref-type="sec"} of the [supplementary appendix](#appsec1){ref-type="sec"} confirms that the main result of this section is robust to Monte Carlo randomly generated alternative SSA comparison samples that draw random sub-samples of the African DHS surveys.

In the decomposition reweighting results, the fact that the log of this explanatory variable is taken does not matter: the reweighting is done over quantile bins, with no assumption of functional forms, or even of a monotonic relationship between open defecation exposure and height. In regression equation [(3)](#fd3){ref-type="disp-formula"} the log is used because it fits the data, presumably because of the very skewed distribution of population density. A Box-Cox transformation recommends a log, with the likelihood maximized at *λ* = −0.06 and with *λ* = 1 and *λ* = −1 both rejected by the data.

Some households will have moved, but such permanent migration is less common in India than in other developing countries. The 2012 India Human Development Survey asks how long a household has lived where it currently lives: less than 1% of all households (and about 1.1% of households with a child) report having lived where they currently live for less than five years.

[@bib59], using the same DHS data as this paper, find that higher-birth-order children in India are shorter than lower-birth-order children in India, on average, and that this gradient between birth order and average height is more steeply negative in India than in sub-Saharan Africa. In principle, the results in that paper and this paper do not conflict: because Indian children are much shorter than would be healthy, important birth order patterns and effects of sanitation could coexist. However, [@bib59] further interpret their result as a causal effect of birth order. Investigations into child height and family structure in India, described in a working paper by [@bib83], suggest that this result is sensitive to specification choice: it reverses when one controls for sibsize at the time of the survey. Sibsize at the time of survey is mechanically correlated with birth order. This correlation is especially high in DHS height data because the DHS only observes height for the youngest children. Further, larger sibsize (or higher mother\'s fertility) is a marker of disadvantage in India, but not in sub-Saharan Africa. Comparisons across birth orders at the same sibsize are standard in the birth order literature ([@bib11]); however, empirical strategies that are successful elsewhere in the birth order literature (such as mother fixed effects) are inappropriate for use with the DHS height data because of age restrictions in the DHS data (for details, see [@bib83]). Recall from [Table 1](#tbl1){ref-type="table"} that about two-thirds of the DHS height sample is last-born to their mothers at the time of the survey. 97% of those with measured height are the most-recently or second-most-recently born; the comparable figure is 50% in the full birth history (births with or without measured height).

A complication is that girls in India with measured height are about 0.42 months younger on average than boys in India with measured height (clustered s.e. = 0.17), which would make them appear taller in *z*-scores, but there is no such difference in SSA (0.10, s.e. = 0.10). This reflects girls\' relatively higher mortality rates in India, but over both sexes, the average child in India is about 2 months older (s.e. = 0.085) than the average child in SSA.

This is computed as $\widehat{\beta} \times \Delta\ln\;\left( {\text{OD}\ \text{density}} \right)^{\text{India} - \text{SSA}}$, where the difference in exposure to open defecation between India and SSA is computed, for each subsample, in a regression of this variable on an indicator for India and the same control variables as used in that column (except for region fixed effects, which would absorb the India indicator).

Recall that the denominator for this figure was computed with DHS data. An alternative denominator can be taken from the Unicef-WHO Joint Monitoring Programme (JMP) statistics on open defecation, which report a difference in open defecation of 26.9 percentage points between India and Africa in the year of India\'s DHS survey. This smaller denominator produces a slightly larger required effect size of 0.54. The smaller difference between India and Africa in the JMP data may be because their methodology averages over estimates of latrine use (such as in the DHS) and latrine ownership (such as in the census). Because it is particularly common in India to own a latrine but nevertheless defecate in the open ([@bib26]), the JMP methodology will underestimate open defecation in India and therefore underestimate the India-Africa difference. However, we include this estimate as a conservative robustness check of the required effect size.

Other recent field experiments on sanitation in Kenya and Bangladesh have investigated the consequences for child height of upgrading lower-quality latrines to higher-quality latrines ([@bib3]). In both settings, open defecation, which we study here, was very low at baseline. [@bib22] use DHS data to show that these experiments closely match what is found by running an analogous regression in observational data.

The authors conclude: "Insufficient coverage and use of latrines seem to be the most likely causes for the absence of effect, because no evidence showed that the intervention reduced faecal exposure. Although mean coverage of latrines increased substantially in the intervention villages, more than a third of village households (on average) remained without a latrine after the intervention. About twice that many had no functional latrine that was used at the midpoint of the surveillance period ... our results show that the health benefits generally associated with sanitation cannot be assumed simply by construction of latrines."

[@bib58] use an indicator for household open defecation, rather than the fraction of a child\'s local neighbors who defecate in the open. Their estimate also pools data from India, where the effect may be large, and Africa, where the effect may be smaller. [Section B.3 of the supplementary appendix](#appsec1){ref-type="sec"}, using the same dataset, verifies that the gradient between open defecation and child height is steeper in India than in Africa and that local open defecation interacts with population density. The published version of this analysis ([@bib59]) instead presents an interaction between birth order and the household-level open defecation indicator.

Supplementary data related to this article can be found at [https://doi.org/10.1016/j.jdeveco.2018.08.003](10.1016/j.jdeveco.2018.08.003){#intref0010}.

"Use of sample weights is inappropriate for estimating relationships, such as regression and correlation coefficients" ([@bib75]); see also [@bib78].

[^1]: *Note:* Unlike other results in this paper intended to document relationships, here sampling weights are used.

[^2]: *Note:* Columns correspond to sub-samples. Rows correspond to sets of other properties. Differences presented are the difference between the height of Indian children reweighted to match African children on that row\'s other properties and the height of Indian children reweighted to match the African joint distribution of open defecation and the same other properties. The *p*-value in each row corresponds to the two-sided Kendall\'s *τ* non-parametric test of a relationship between the 7 results and the 7 differences in open defecation density between India and Africa within each sub-sample, testing the hypothesis that the effect of reweighting is larger in sub-samples where the difference in open defecation density is larger.

[^3]: *Note:* Columns correspond to sub-samples. Rows correspond to sets of other properties. Differences presented are the difference between the height of Indian children reweighted to match African children on that row\'s other properties and the height of Indian children reweighted to match the African joint distribution of open defecation and the same other properties. The *p*-value in each row corresponds to the two-sided Kendall\'s *τ* non-parametric test of a relationship between the 7 results and the 7 differences in open defecation density between India and Africa within each sub-sample, testing the hypothesis that the effect of reweighting is larger in sub-samples where the difference in open defecation density is larger.

[^4]: *Note:* Columns correspond to sub-samples. Rows correspond to sets of other properties. Differences presented are the difference between the height of Indian children reweighted to match African children on that row\'s other properties and the height of Indian children reweighted to match the African joint distribution of open defecation and the same other properties. The *p*-value in each row corresponds to the two-sided Kendall\'s *τ* non-parametric test of a relationship between the 7 results and the 7 differences in open defecation density between India and Africa within each sub-sample, testing the hypothesis that the effect of reweighting is larger in sub-samples where the difference in open defecation density is larger.

[^5]: *Note:* Dependent variable: height-for-age *z*-score. Standard errors clustered by PSU: †*p* \< 0.10; ∗*p* \< 0.05; ∗∗*p* \< 0.01; ∗∗∗*p* \< 0.001. 288 region fixed effects are for DHS sub-national regions (v024). Extended controls are mother\'s height and indicator sets for household asset count, sibsize at the survey, birth order, multiple births, month of birth, mother\'s literacy, father\'s education, and whether the child was immediately breastfed.

[^6]: *Note:* Observations are children in the main height sample, even though the dependent variable is the Body Mass Index (BMI) of their mother. Standard errors are clustered by survey PSU in parentheses. †*p* \< 0.10; ∗*p* \< 0.05; ∗∗*p* \< 0.01; ∗∗∗*p* \< 0.001. Region fixed effects are 288 fixed effects for DHS sub-national regions (v024). Asset indicators are fixed effects for the count (0--5) of assets, summarized in [Table 1](#tbl1){ref-type="table"}. The extended BMI controls are fixed effects indictors, each interacted with an indicator for India, for: sibsize at the time of the survey (6 × 2 categories), the mother\'s age in years at the time of the measurement (35 × 2 categories), and whether the mother is literate (2 × 2 categories). For discussion of these predictors of maternal BMI in India and SSA, see [@bib19].

[^7]: *Note:* Coefficients are, unless otherwise noted, coefficients on the local area fraction of households defecating in the open, predicting child height-for-age. The [@bib65] estimate compares households with dichotomized extreme sanitation environments, in data extracted from an experimental project. The [@bib79] estimate is taken from [Table 6](#tbl6){ref-type="table"} of section [3](#sec3){ref-type="sec"} of the World Bank Policy Research Working Paper version of this paper. The Jayachandran and Pande (J & P) (2013) estimate compares households with and without latrines in the child level dataset used in section [4](#sec4){ref-type="sec"} and is further discussed in [supplementary appendix section B.1](#appsec1){ref-type="sec"}; it is excluded from some meta estimates because its very small standard errors dominate the averaging. The meta estimate weights estimates by the square of the inverse of their standard error. To explain the India-Africa height gap, the coefficient on local open defecation must be 0.54 using open defecation figures from the Unicef-WHO Joint Monitoring Programme or 0.47 using the same DHS data compilation used in section [4](#sec4){ref-type="sec"}. None of these estimates consider the interaction of open defecation with population density.

[^8]: The [@bib18] RCT in Orissa, India did not find a large first stage effect on open defecation, and therefore did not find a statistically significant effect on child height. Quoted here with permission are preliminary results from an in-progress reanalysis of the data by Scovronick et al. to produce an IV estimate and confidence interval of the implied effect of local open defecation on child height; the confidence interval is large.
